Introduction
============

At present, coronary catheterizations and interventions are more often performed using the radial artery approach than by the previously more popular femoral artery approach due to the lower incidence of both local and systemic complications. Therefore, the radial approach has received a Class IA recommendation in the European Society of Cardiology (ESC) guidelines for interventional treatment of acute coronary syndromes, including STEMI and other forms of ischaemic heart disease.[@suaa095-B1]^,^[@suaa095-B2] Although a large number of studies concerning the radial approach have been published, many questions remain unanswered. One of them is the method of choice for routine clinical use when evaluating radial artery occlusion (RAO), which is the most common local complication of the transradial procedure.

Palpation of the radial artery, which is commonly used, is not a reliable method. Non-palpable pulsation after a transradial catheterization is a strong indicator of RAO; nevertheless, a palpable pulse does not exclude the presence of RAO due to the coexistence of a collateral blood supply. In clinical trials, the patency or occlusion of the radial artery has mostly been determined using the reverse Barbeau test (RBT) or duplex ultrasonography. No study has directly compared DUSG and RBT in detecting radial artery patency or occlusion after transradial coronary procedures.

Methods
=======

The primary aim of this study was to perform a comparison of the RBT and DUSG and investigate the possibility of using the RBT as the standard detection method of RAO. In addition, we aimed to evaluate radial artery compression time, the incidence of post-procedural haematomas, and other local complications at the puncture site.

Reverse Barbeau test
--------------------

The RBT employs a pulse oximeter and displays the plethysmographic waveform using a sensor placed on the thumb of the hand being examined. First, both the radial and ulnar arteries are compressed simultaneously until the plethysmographic wave is lost. Then, the pressure on the radial artery is released, and the shape of the plethysmographic wave is evaluated. There are four types of waveforms: (A) no change in shape or amplitude (no dumping); (B) light dumping; (C) loss of the wave followed by its reappearance within 2 min; and (D) permanent loss of the wave. The presence of type A, B, and C waveforms demonstrate the patency of the radial artery (*Figure [1](#suaa095-F1){ref-type="fig"}*).[@suaa095-B3]

![The reverse Barbeau test demonstrating a patent radial artery after transradial catheterization. After the removal of the compression device, which had been placed on the radial artery, blood saturation and the corresponding plethysmographic wave were normal (left). During ulnar compression, the wave and blood saturation do not change, indicating patency of the radial artery (right).](suaa095f1){#suaa095-F1}

Duplex ultrasonography
----------------------

Duplex ultrasonography allows structural visualization of the radial artery and evaluation of blood flow using colour and pulsed Doppler imaging (*Figure [2](#suaa095-F2){ref-type="fig"}*).[@suaa095-B4] Absence of flow indicates an RAO. This method is considered the gold standard for arterial flow assessment, and when there is a suspicion of an RAO then DUSG should be performed to confirm the finding.[@suaa095-B5]

![Duplex ultrasonography in the detection of radial artery patency. Colour-coded blood flow in a patent radial artery (in red) and the corresponding typical triphasic curve visualized using pulsed Doppler.](suaa095f2){#suaa095-F2}

After signing informed consent, patients indicated to transradial coronary catheterization in our same-day discharge program were enrolled in the study. The only exclusion criteria were refusal to participate in the study and warfarin treatment with an international normalized ratio (INR) \> 2.5. Before the transradial procedure, all patients underwent a standard Barbeau test and the RBT; additionally, a palpation examination was used to assess the patency of the radial and ulnar arteries in the access arm; DUSG was not performed prior to the catheterization procedure.

A TR Band ^®^ (Terumo, Japan) (TB) compression device was used to compress the radial artery puncture site after the procedure. During TB decompression, the aim was to achieve and maintain patent haemostasis. The principle involves a gradual reduction in radial artery compression to the point that it prevents bleeding but allows distal perfusion through the artery at the same time. Therefore, a careful balancing of the compression rate between complete (i.e. occlusive) haemostasis on the one hand and bleeding, on the other hand, is required. In detail, immediately after the patient brought from the Cath lab to the observation unit, the TB pressure being applied on the radial artery access site was gradually reduced until a simultaneous recording of the pulse oximeter plethysmographic wave, during ulnar artery compression indicated the presence of blood flow in the radial artery (*Figure [3](#suaa095-F3){ref-type="fig"}*). If there was bleeding, TB pressure was again increased to the point where bleeding stopped. Subsequent decompression to the lowest possible level was performed every 20 min until the TB pressure was zero (i.e. no compression).

![The use of the reverse Barbeau test in the detection of patent haemostasis during radial compression with a TR Band device. When the TR Band is in use, normal oxygen saturation and a triphasic plethysmographic wave are usually detected (left). When applying manual compression on the ulnar artery, the persistence of the curve indicates patent haemostasis (right).](suaa095f3){#suaa095-F3}

All patients underwent both DUSG and the RBT before discharge, which was usually 4 h after a diagnostic coronarography and 6 h after PCI. If an RAO was detected, an additional 1-h period of ulnar artery compression with the same TB was used to facilitate the recanalization of the radial artery.

Data about history, antithrombotic medication, procedure characteristics, radial artery compression time, and local complications were recorded in all patients. Haematomas were evaluated according to the EASY classification.[@suaa095-B6] Grade 1 haematomas (surface haematomas ≤ 5 cm in length) were not recorded due to their negligible clinical significance.

Standard statistics were applied and parameters were described using absolute and relative frequencies or median (5--95 percentile range).

Results
=======

Five hundred patients from our same-day discharge program (mean age 65 ± 9.4 years; 148 females) were enrolled in the study (*Table [1](#suaa095-T1){ref-type="table"}*). Of those, 379 (75.8%) underwent a diagnostic selective coronary angiography (CAG), and 121 (24.2%) underwent a subsequent percutaneous coronary intervention (PCI). Haemodynamic testing of borderline coronary lesions using fractional flow reserve measurement (FFR) was performed in 40 (8%) patients (*Table [2](#suaa095-T2){ref-type="table"}*).

###### 

Baseline clinical characteristics of the patients

  Characteristics                     Patients (*n* = 500)
  ----------------------------------- ----------------------
  Female                              148 (29)
  Age (years)                         65 ± 9.4
  BMI (kg/m^2^)                       29.9 ± 12.9
  Hypertension                        359 (71.8)
  Hypercholesterolaemia               348 (69.6)
  Diabetes                            116 (23.2)
  Smoker                              96 (19.2)
  Prior smoker                        131 (26.2)
  Prior myocardial infarction         85 (17.0)
  Prior PCI                           101 (20.2)
  Prior CABG                          28 (5.6)
  Prior ipsilateral transradial CAG   119 (23.8)

Parameters are described by absolute (relative, %) frequencies or median (5--95 percentile range).

BMI, body mass index; CABG, coronary artery bypass grafting; CAG, selective coronary angiography; PCI, percutaneous coronary intervention.

###### 

Patient procedure characteristics

  Procedures         Patients (*n* = 500)
  ------------------ ----------------------
  CAG                500 (100)
  CAG with PCI       121 (24.2)
  BMS implantation   35 (28.9)
  DES implantation   81 (67.0)
  DEB only           5 (4.1)
  FFR                40 (8.0)
  LVG                38 (7.6)

Parameters are described by absolute (relative, %) frequencies.

BMS, bare-metal stent; CAG, selective coronary angiography; DEB, drug-eluting balloon; DES, drug-eluting stent; FFR, fractional flow reserve; LVG, left ventriculography; PCI, percutaneous coronary intervention.

The numbers of patients on concomitant oral antiplatelet or anticoagulant therapy are shown in Table [3](#suaa095-T3){ref-type="table"}. Direct anticoagulants were used in 9 patients (1.8%), 4 were taking apixaban, 3 rivaroxaban, and 2 dabigatran. None of these patients took a morning dose on the day of the procedure. All patients enrolled in the study received 5000 units of unfractionated heparin (UFH) intra-arterially immediately following a successful radial artery puncture and sheath introduction. In 8 (1.2%) patients undergoing PCI, the UFH dose was increased peri-procedurally based on their weight and procedure complexity; UFH increases were at the discretion of the operator. There were no thrombotic complications during coronary procedures relative to the heparin dosing schedule.

###### 

Concomitant antiplatelet and anticoagulation therapy prior to the procedure

  Antithrombotic therapy                Patients (*n* = 500)
  ------------------------------------- ----------------------
  Acetylsalicylic acid (100 mg daily)   389 (77.8)
  Clopidogrel (75 mg daily)             158 (31.6)
  Ticagrelor (90 mg twice a day)        9 (1.8)
  Warfarin (INR 2.0--2.5)               36 (7.2)
  DOACs                                 9 (1.8)

Parameters are described by absolute (relative, %) frequencies.

DOACs, direct oral anticoagulants; INR, international normalized ratio.

The mean total radial artery compression time in the study was 97.8 ± 33.7 min. Compression times and their distribution in the study cohort are shown in *Figure [4](#suaa095-F4){ref-type="fig"}*.

![Distribution of radial artery compression time.](suaa095f4){#suaa095-F4}

The ability to detect patency and complete radial artery occlusion was comparable between the RBT and DUSG. Both methods detected a complete occlusion in two same subjects (0.4%) and demonstrated radial artery patency in 495 (99.0%) subjects. In three (0.6%) patients, RBT detected a patent artery (i.e. the absence of a type D curve) while DUSG showed incomplete RAO, with traces of blood flow on the colour Doppler imaging but a significant reduction of flow velocities and loss of the typical triphasic wave in pulse Doppler imaging. Both patients with a complete RAO were asymptomatic; subsequent attempts to recanalize their radial artery by applying 60-min of ulnar compression were unsuccessful. This was confirmed using both RBT and DUSG.

The incidence of puncture site haematomas was low. There were only EASY Grade II subcutaneous haematomas, clinically insignificant, and asymptomatic (*Table [4](#suaa095-T4){ref-type="table"}*).

###### 

Incidence of local superficial haematomas (EASY classification)

  Haematoma grade    II (˃ 5 but ≤10 cm)  III (˃ 10 cm)   IV (forearm)   V (arm)
  ----------------- --------------------- --------------- -------------- ---------
  Number of pts           27 (5.4)        0               0              0

Parameters are described by absolute (relative, %) frequencies, *N* = 500 patients (pts). Minimal haematomas (Grade I) were not considered clinically relevant, thus not reported.

Other local complications included two (0.4%) minor dissections and one (0.2%) minor perforation of the radial artery. One of the dissections was detected angiographically at the beginning of the coronarography but did not prevent the procedure from being completed, and no subsequent haematoma developed. The other dissection was detected by DUSG after the procedure, and an EASY grade II haematoma developed. In both cases, the radial artery remained patent. Concerning the case of the minor perforation, despite the extravasation of blood detected angiographically at the beginning of the examination, the procedure was completed with no other difficulties; there was no angiographic evidence of extravasation at the end of the procedure and no subsequent haematoma. The artery was confirmed patent at the time of the patient's dismissal.

Discussion
==========

A radial artery occlusion is almost always asymptomatic when there is an intact ulnar artery, and the palmar arches are patent. Nevertheless, there are several important reasons to minimize the incidence of RAO, including keeping the potential to use the same radial artery for repeated catheterizations, utilizing the artery as a free arterial graft for a bypass operation, or as an arteriovenous fistula in dialyzed patients.

The incidence of RAO varies widely among studies (from \<1% to 33%). A large meta-analysis of 66 studies with more than 31 000 patients reported the incidence of 7.7% at 24 h and 5.5% at 7 days.[@suaa095-B7]

The following factors and methods have been identified in RAO prevention:

Non-occlusive haemostasis of the radial artery
----------------------------------------------

Non-occlusive (patent) haemostasis is one of the most important methods currently used to reduce the risk of RAO after the catheterization. In a study published in 2007, the absence of radial artery flow during compression increased the risk of radial artery occlusion.[@suaa095-B8] The fact that patent haemostasis reduces the incidence of RAO was confirmed in the PROPHET study. The patients were randomized to conventional radial artery compression or non-occlusive haemostasis, with subsequent assessment of arterial patency using the Barbeau test after 24 h. The incidence of RAO in the patent haemostasis group was significantly lower compared to the conventional compression group (5% vs. 12%, p \< 0.05).[@suaa095-B9]

Our approach to patent haemostasis in this study was described in the Methods section.

Short and gentle compression
----------------------------

To reduce the incidence of an RAO, it is very important to keep the compression period as short as possible and the compression manoeuvre as gentle as possible. In a study published in 2012, a 6-h radial compression with TB more than doubled the incidence of both early (after 24 h) and late (after 30 days) occlusions compared to a shorter 2-h compression (12% vs. 5.5%, *P* = 0.025, and 8.5% vs. 3.5%, *P* = 0.035, respectively). When patency status at the time of compression initialization was added to a logistic regression analysis, occlusive haemostasis was the only independent predictor of late RAO (odds ratio 13.1, *P* = 0.001).[@suaa095-B10]

In the CRASOC I-III studies, with over 3600 patients enrolled, gentle (with 10 mL of air) and short (1.5 h) radial compression with a TB resulted in a lower incidence of RAO (2.3%) compared to less gentle (13 mL) and longer (4 h) compression (9.4%).[@suaa095-B11]

In our study, the compression time was \<90 min in 285 (57%) patients and ≤120 min in 417 (83%) patients.

The importance of the outer sheath diameter to inner radial artery diameter ratio
---------------------------------------------------------------------------------

Several studies have shown a positive correlation between a smaller sheath size and a lower incidence of RAO. In a randomized study by Dahm *et al*., the 5 Fr transradial sheath group of patients had an RAO incidence of 1.1% compared to 5.9% in the 6 Fr sheath group (*P* = 0.05).[@suaa095-B12] In another randomized and multicentre study with nearly 2000 patients, the use of a thin-walled 6 Fr sheath (outer diameter 2.46 mm) was compared to a standard 5 Fr sheath (outer diameter 2.29 mm). The authors concluded that the thin-walled 6 Fr sheath was associated with a lower event rate of RAO, although non-inferiority to the standard 5 Fr sheath was not established, due to a lower than expected rate of RAO in the 5 Fr sheath group.[@suaa095-B13]

In our study, the choice of a sheath size was left to the operator's discretion. Thin-walled 5 Fr sheaths were used in 239 patients (47.8%), standard 5 Fr sheaths were used in 131 (26.2%), and thin-walled 6 Fr sheaths were used in 130 patients (26.0%). One RAO was associated with the use of the standard 5 Fr sheath and the second RAO with the thin-walled 6 Fr sheath.

Transradial PCI can be performed also with larger than 6 Fr sheaths. In study with 175 selected patients, the usage of 7 Fr sheaths in transradial complex PCI was feasible and associated with 7.3% RAO after 6 months.[@suaa095-B14] Even transradial balloon aortic valvuloplasty with 9 Fr introducer is possible in selected patients. However, this approach is associated with 20% 1 month RAO as reported in Tumscitźs pilot study.[@suaa095-B15]

Adequate periprocedural anticoagulation
---------------------------------------

An insufficient dose of periprocedural heparin has been confirmed as another major risk factor for RAO. A study published in 1996 showed that omitting UFH during transradial selective coronarography was associated with a 71% incidence of RAO, a dose of 2000 to 3000 units reduced this incidence to 24% and a dose of 5000 units to 4.3% (*P* \< 0.05).[@suaa095-B16]

Administration of a weight-adjusted UFH dose (50 units/kg) has similar efficacy compared to a fixed dose of 5000 units and reduces the time to haemostasis.[@suaa095-B17] Similarly, no difference in efficacy has been found between intra-arterial and intravenous UFH application (RAO rates of 3.2% vs. 4%, *P* \> 0.6).[@suaa095-B18]

In a randomized study from our centre with 465 patients, the incidence of RAO detected by DUSG was 2.9% after 5000 UFH units and 5.9% after 2000 UFH units (*P* = 0.17). Nevertheless, a subsequent 1-h compression of the ulnar artery reduced the incidence of RAO to 0.8% and 4.1% (*P* = 0.03), respectively.[@suaa095-B19] The application of this simple, non-pharmacological method led to the recanalization of the radial artery in 71% of patients with a higher dose of UFH.

In this study, 5000 UFH units were initially used in all patients. Extra heparin was only given to a few patients, i.e., some of those who underwent PCI after the diagnostic procedure.

Prophylactic ipsilateral ulnar compression
------------------------------------------

To further reduce the risk of RAO, it is feasible to apply ipsilateral ulnar compression concurrently with standard radial artery compression. This method was tested in the large PROPHET-II study in which 3000 patients were randomized to standard patent haemostasis or prophylactic ulnar compression. The incidence of RAO was evaluated using the RBT test at 24 h and at 30 days. At both time points, prophylactic ulnar compression resulted in significantly fewer cases of RAO (1% vs. 4.3%, *P* \< 0.0001, and 0.9% vs. 3%, *P *= 0.0001, respectively).[@suaa095-B20] This method was not used in this study.

Our study showed that the use of the RBT for radial artery patency confirmation after transradial cardiac catheterization is very effective. It is not necessary to perform DUSG routinely, which is more time demanding and requires advanced instrumentation and skills. The reverse Barbeau test has the potential to be the method of choice for detecting radial artery patency or occlusion.

The very low incidence of complete radial artery occlusion in our study (0.4%) stems from our long-standing and well-established standardized operating protocol, which is based on the concept of optimizing the approach in RAO prevention.[@suaa095-B5]

From our point of view, data from this study provide important insights into the successful management of radial access sites in patients undergoing transradial coronary catheterizations and interventions.

Study limitations
-----------------

The presented data are from a single-centre only, and therefore, the results should be interpreted and generalized with caution. Furthermore, the RAO number was very low and did not allow a more detailed comparison of the two methods in actual RAO cases.

Conclusions
===========

The reverse Barbeau test and duplex ultrasonography were comparable in the detection of radial artery patency and occlusion. The incidence of radial artery occlusion in our study was extremely low. The RBT with a pulse oximeter and plethysmographic waveform is much faster and easier to use in a routine practice compared to DUSG. Thanks to its simplicity, the RBT has the potential to be used as the first method of detection of radial occlusion after coronary catheterizations.
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